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INTRODUCTION 
Low tcmpcraturc cracking of asphalt pavcmcnts is a major pcrfoimancc problcm in Noith Amciica. 
In thc past, extensive research has bccn donc in this area to mitigate this problcm. Rcccnt findings 
by thc Stratcgic Highway Rcscarch Program (SHRP) show that asphalt binder propcities arc by far 
thc dominant Factor controlling thcimal cracking. Thus, thc dctcrmination of thcsc bindcr propcrties 
that affcct thermal cracking is the kcy to the successful dcvcloprncnt of perfoimancc-based 
specifications for asphalt bindcrs. 

Traditionally. thermal cracking in asphalt pavements is controlled by using soft gradcs of asphalt 
cement based on penetration and viscosity measurements. Although. this approach has met with 
some succcss. it did not solve the problcm complctcly. Besides, thc crncrgcncc of moditicd asphalts 
has created a necd for dcvcloping a suitablc tcsting mcthod for the charactciization of bindcrs 
containing additives. In general. asphalt pavement layers have built-in flaws (construction cracks). 
In addition. micro-cracks develop at the asphalt-aggrcgatc interface duc to diffcrcntial thcimal 
contiaction of asphalt and mincial aggregates [I] .  Micro-cracks can c a w  a localizcd strcss 
cooccntration near discontinuities within the binder under thermally induced tensile loads. Thcse 
strcsscs oftcn reach a limiting valuc which lcads to prcmaturc failurcs. Cuiwnt binder spccification 
linuts do not consider the material rcsistancc to thcsc failuir modcs duc to localizcd strcss 
concentration. As a rcsult, the actual pciformancc oftcn varies significantly from that anticipatcd by 
the dcsign. What is rcquircd is a rational approach by which asphalt bindcrs can bc propcrly 
cvaluated for their effectiveness to resist locally induced premature cracking. 

Thcrc is some concern that thc bindcr tcsts dcvcloped by SHRP may not be adcquate to accuratcly 
predict the low tcmpcrature pcrfoimancc of modified asphalts. SHRP bindcr tcsts arc mainly 
focussed on detcimining thc creep stiffncss or failurc strains of asphalt bindcrs at sclcctcd 
tempcraturcs. Although thcsc propcitics arc necessaiy to globally charactciizc thc low tcmpcraturc 
bchaviour of asphalt binders. they alonc arc not sufficicnt to,rcliably incasurc thc rcsistancc of asphalt 
bindcrs to prcmaturc cracking. A complctc knowlcdgc of thc damagc proccss both at thc micro and 
macro Icvel'i. is required to address thc problem of prcmaturc fatigue cracking duc to localized strcss 
concentration. paiticularly in modificd asphalts. 

A rcvicw ofthc literature shows that fiacturc mechanics piinciplcs can bc effcctivcly used to control 
thc fracture of matciials which occur prematurcly duc to built-in flaws or cracks. Thc main objectives 
of this study arc: a) to apply the fracturc mcchanics piinciplcs to charactcrizc thc low tcmpcraturc 
fracture bchaviour of asphalt bindcrs; b) to develop a rational routinc tcsting mcthod using thc 
fracture mcchanics principlcs suitablc for evaluating ncat and modified asphalt bindcrs with rcspcct 
to low tempcraturc cracking; (c) to analyze the corrclation between the fracturc propcities and the 
low tcmperaturc performance. 

SCOPE 
Thc scope of the work includcs: a) determination of bindcr propcities and pcifoimancc grade (PG) 
tcmperaturcs for the differcnt asphalt binders using conventional and SHRP tcst mcthods; b) 
mcasurcmcnt of fiacturc propcities (fracture toughncss. fracture cnc rg )  of thc asphalt bindcrs 
selectcd in (a), using the newly dcvclopcd fracturc tcst mcthod; c) dctcimination of fracturc 
temperatures of asphaltic concrcte specimens containing the samc binders as in (a) and (b), using the 
Thermal Stress Rcstraincd Spccimcn Tcst (TSRST); and d) cstablishmcnt of a coirclation among thc 
bindcr propeitics (dctcimincd from SHRP tcsts and the fracture tcst mcthod) and thc mix fiacturc 
temperature. 

* To whom the colTespondcnce may be addressed 
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APPLICATION OF FRACTURE MECHANICS PRINCIPLES 
Fracture mechanics is a technique which identities the cause of premature failure of materials due to 
built-in flaws, such as micro-cracks, under a load much smaller than the design load. If the matcrial 
is homogeneous and behaves in a linear elastic manner. the effect of stress concentration around a 
mjcro-crack can be measured in terms of a parameter, called stress intensity factor (K,). K, increases 
with an increase in the external load and when it reaches a critical value, K,,, unstable fracture occurs. 
The parameter. K,c. called the fracture toughness, decreases with an increasc in specimen thickness 
reaching a constant minimum value when plane-strain conditions are reached. This lower level of 
K,, is reproducible and can be used as a material property to evaluate the brittle fracture of materials 
in the .same manner as the yield strcngth is used for structural analyses. This means that the fracture 
toughness can also be used to study the brittle fracturc behaviour of asphalt binders at low 
temperatures. Howevcr. when polymers arc added to the asphalt. thc modificd binder exhibits 
different failurc behaviour at low temperatures, ranging from brittle fracturc to plastic deformation 
or cxccssivc elongation. This is bccausc the modified asphalts usually contain finely dispersed 
secondary phases within the polymer matrix which contribute to shear yiclding mechanisms and 
thcreby prcvcnt brittle failure. Fracture mcchanics suggcsts that. when a matcrial undergoes yielding 
(crccp). it is thc rate of encrgy dissipation (fracture energy) which controls the failurc mode from 
crack initiation to full depth crack propagation. As explained later. fracture energy can bc calculated 
once the fiacturc toughness and thc stiffness modulus values arc obtained. Thus, it appcars that 
fracturc encrgy will givc valuablc and consistent information on thc cffcctivencss of modifiers in 
increasing the fracture resistance of asphalt binders. The question still remains how cffcctivc the 
fracturc energy specification is as compared to the SHRP binder spccification with respect to low 
temperature cracking. An expcrimcntal investigation was carried out to compare thc coi-relation 
bctwecn thc low tcmpcrature pcrfoimancc and the binder propcrties dctelmined from thc fracturc tcst 
and those from SHRP tests. As well. trial sections wcrc installed in Noithcin Ontario to compare thc 
findings of the laboratoiy investigation with thc long teim low temperature performance of the 
modified asphalts in the field. 

EXPERIMENTAL INVESTIGATION 
Matcrials 
Two types of convcntional asphalts (X5-100 pcn and 150-200 pcn) and five diffcrcnt modified 
asphalts were uscd in the experimental program. Thcsc modified asphalts wcrc specifically selected 
or dcsigncd in such a way to givc a.widc range of performance IevcIs. For this puiposc. diffcrcnt 
modificrs and various grades of base asphalts. ranging from hard (X5-IO0 pen) to soft (300-400 pen) 
asphalts were uscd in this study. As such. the pcrfoimance of different modifiers will not be 
addrcsscd. The suppliers who paiticipatcd in this study includc: Petro Canada. Huskey Oil. Biturnar. 
Polyphalt. and McAsphalt. 

TESTING PROCEDURES 

The Thermal Stress Restraincd Spccirncn tcst is intendcd to simulatc conditions that a mix would 
cxpcricncc in the field. The test specimcns of approximatcly 100x35~35 mm size wcrc made from 
asphaltic concrctc biiqucttcs prcparcd using thc plant mix from thc tiial sections. Each spccimcn was 
glued to the cnd plates of a tcst frame located within a 
tcrnperaturc controllcd chambcr. The specimen was 
itstraincd by thc cnd plates while thc temperature in thc Tab'e ': TSRST 
chamber was gradually rcduccd at -1OC/ hour until the 

thc thcrmal 

specimen failed duc to theimally induced strcsscs. 
Howcvcr, the potential changc in specimen length duc to 

lincar variable displacement transducers (LVDT) placed 
in bctwccn the cnd plates. The s o b a r c  uscs the signals 
from the transducers to maintain a constant specimen 
length during testing. The output gives the temperature 
and thc stress within the matcrial at failure. The 
measured specimen failure temperature duc to  low 
tcmpcraturc shrinkagc is a good performance indicator 
of different bindcrs used in the spccimcns. 

d Specimen Tcst (TSRST1 

shrinkage was compcnsatcd by the 
computer softwarc system which was linkcd to two 

A s u m r y  ofthc results togcthcr with 90% confidcncc inteivals is prcscnted in Tablc I ,  The rcsults 
indicate that binder A with an avcragc failurc tempcraturc of -45.4" C, will perform better than the 
rest. closcly followed by bindcrs C and B. Thc bindcr which has thc lowcst rcsistancc to low 
tcmpcraturc cracking. as cxpcctcd. is the 85-100 pcn a3phalt. This tcst is time consuming and cannot 
bc uscd on a routinc hasis; but it is a valuable rcsearch tool for invcstigating thc low tcmpcrature 
pcrfoimancc of asphalt pavcmcnts 
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FRACTURE ENERGY TEST 
Fracturc cnergy testing was can-icd out by using a three point bending bcam mcthod (Figurc I )  based 
on ASTM E 399-90 procedures [2]. The ncat 
and modificd binder bcam s&~plcs were 
prcparcd using 25 mm wide by 12.5 mm decp 
by 175 mm long siliconc iubbcr molds which 
have 90" starter notches, 5 mm decp. at the 
ccntre of the bottom surface. The molds were 
filed with asphalt bindcrs and kept in a frcczer 
at -20 "C for about two hours until thcy 
became solidified. The bindcr samplcs wcrc 
then removed from the molds and wcre kept at 
the testing temperature for IX hours. The 
staiter notch in each samplc was sharpened 
with a razor blade prior to testing. Thc notched 
bcam is thcn placcd on a threc point bending 
apparatus of span 100 mm within an 

:igure 1 Fracture Toughness Apparatus 

environmentally controllcd chamber (Figure I) .  Thc bcam was thcn loadcd until failurc. From the 
output, the fracturc toughncss was computed according to Equation ( I  ). 

Where: K,c. is thc hacturc toughness; P is thc failurc load; S is thc span; B is thc spccimcn 
depth; W is the specimcn width; a, is thc crack lcngth , 

Thc fracturc cncrgy can thcn bc derivcd from: 

Whcrc: G,. is thc fracture energy (Jm-'); v is 
Poisson's ratio; E is Young's Modulus. As 
Poisson's ratio for asphalt ccment at low 
tcmpcraturc is very small. it is ncglcctcd in the 
computation of G,. usingEquation 2. A couple 
of tests wcrc caincd out to cnsurc planc-strain 
conditions as discusscd previously so that the 
fracture toughness values rcmain constant and 
reproducible. Secondly. thc lincar-clastic 
behaviour of the spccimcns was achieved by 
selecting the appropriate low tcst temperatures. 
For modified samplcs. the tcst temperature was 

-30 "C and the results arc given in Table 2. 
Fracturc toughness valucs in this table provide 
infoimation on thc typc and amount of 
polymers uscd whilc the modulus givcs 
infoimation on thc typc of basc asphalts used. 
Fracturc cncrgy measurcs thc I-csistancc of the 
binder to fracturc. Thc results show that 
binder A has a higher rcsistance to thcimal cracking than thc rcst, followed by bindcrs C and B. The 
results a1.w show that bindcr D. which used a hardcr base asphalt (85- 100 pcn). gives lower fracturc 
encrgy whilc the bindcrs A, B, and C uscd a softer basc asphalt (150-200 pen) to givc higher cncrgy 
valucs. This supports the common believe that modified binder with a soft basc asphalt is most 
suitable for preventing low temperature cracking. 

Figure 2 shows an obvious link between fracture encrgy and the low temperature TSRST 
perf0,rmance. The regression analysis gives a strong correlation coefficient R' of 0.933. Thc good 
correlation implies that fracture energy can be uscd to develop a low temperature pcrfoimance-based 
specification. 

Tablc 2. Fracturc Encrgy Test Rcsults at -30°C . 

Samples wcrc too brinlc and failed immcdjatcly 

I 
J 
1 
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SHRP BlNDER TESTS 
SHRP binder tests were carried out using the control and modified samples. Table 3 provides the 
SHRP performance grades (PG) of the conventional asphalts and those of binders A, B, C ,  D, and 
E. Figure 3 shows the weak corrclation between the PG 
grade values and the fracture temperatures with an R2 value 
of 0.672. Altcinativcly. thc relationship between the binder 
crecp stiffness and fixture temperature was also investigated 
as shown in Figure 4. There is some improvement in the R2 
value but thc correlation is still not as good as for that of 

Table 3: SHRP low 
grade results 

Glc. When the results of the SHRP direct tension tcst were 
compared with the fracturc temperature it gave a very poor 
corrclation ( R' valuc = 0.004) as shown in Figurc 5. 

PENETRATION TEST 
Pcnctration tests were performed at 25" C after aging the 
binder using thc Rolling Thin Film Oven Tcst method. 
Figurc 5 shows that thc corrclation bctwccn thc pcnctration 
valucs and thc fracturc tcmpcraturcs is  cvcn bcncr than that 
obseivcd for thc SHRP bindcr tcst rcsults. This sccms to indicate that SHRP bindcr tcsting systcm 
has not improvcd thc cxisting charactciization system with regards to modified bindcrs 

4.0 CONCLUSIONS 

-26 

Fracturc cncrgy shows the best corrclation (R' =0.933) with TSRST failurc tcmpcratures , 
Bccause of the high coiTelation and the fact that it is 
a fundamental material property, fracture energy Table 4: Pcnctration Test Results 
seems to offer promise for use in the development of 
a low tempcraturc pcrfoimancc-bascd specification 
for modified bindcrs. 
The SHRP approach to establish a low temperature 
peifoimancc gradc for asphalts based on bindcr crccp 
stiffness. m-value. and failurc strain gives a poor 
coi-rclation with the TSRST failure tempcratures 
The corrclation bctwecn thc penetration test results 
and the pcrfoimancc is comparable to that observed 
for thc SHRP bindcr tests. Howevcr, the rcsults arc 
not conclusivc because of the limitcd data. 

- 

5.0 RECOMMENDATIONS 

* Expand thc study so that thc effects of aging on fracturc toughness / fracturc energy 
propertics can be determined 
Establish a sct of critical fracturc cncrgics so that low tcmpcrature Pcrfoimancc Gradcs can 
bc cstablishcd using fracturc cnergy tcsting. 
Rclatc thc cxpciimcntal data to thc ficld obscivation from thc Hwy I I8 tcst scctions in 
Noithern Ontario. This should be donc to verify if cxpciimcntal prcdictions can be relatcd 
to actual ficld performance. 
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Figure 2: Fracture Energy vs TSRST Failure Temper: ure 

Fgure 3: Performance Grade vs TSRST Failure Temperature 
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Figure 4: Creep Stiffness vs Failure Temperature 
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Figure 5 Failure Strain vs TSRST Failure Temperature 
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Figure 6: Correlation for Aged Binder at 25'C 

Rz= 0.933 

R2= 0.617 

R2= 0.672 

R2= 0.0004 

Rz= 0.702 
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